INTRODUCTION
Idemitsu Geothermal Co., Ltd. (IGC) em barked on the exploration of geothermal resources in the Takigami area of Oita, Japan, in 1979. IGC has carried out various kinds of surveys in and around the area to understand the Takigami geothermal system and to estimate the potential of the geothermal resource (Hayashi et al., 1988) . More than 20 wells have been drilled in the area since 1981. Three test wells produce enough steam to generate about 20 MWe.
A geothermal reservoir model derived from the geochemical structure of the geothermal system is the key to accurately assess the geother mal potential of the area. Knowing the current geochemical structure is also helpful in guiding future exploration, and in monitoring the geochemical changes caused by exploitation of the system. The purpose of this paper is to summarize the geochemical model of Takigami system based on chemical and isotopic data from well discharges and surface waters. In particular, the subsurface hydrological and thermal structures are discussed in this paper. The geochemical model presented will be up-dated as new data become available in the continuing Takigami pro ject.
LOCATION
The. Takigami area is located on the gentle western slope of Mt. Noine at an elevation of about 700 m, about 15 km northeast of the Otake-Hatchobaru geothermal power station. Takigami and Hatchobaru areas are situated in the Hohi geothermal region, one of the most ac tive geothermal areas of Japan (Fig. 1) Figure 2 shows locations of exploration and production/injection test wells drilled to date in Takigami and hot springs around the area.
Geological setting
The subsurface geology of the Takigami area was studied from drill cores and cuttings (Furuya, 1988; Yamamoto, 1988) . A generalized geological cross section of the Takigami area is shown in Fig. 3 .
A thick layer of Quaternary volcanic and as sociated rocks overlies the Tertiary Usa Group.
Quaternary volcanic rocks are classified into four formations: Noine-dake volcanic rocks, Kusu Formation, Ajibaru Formation and Takigami Formation, from top to bottom. These Quaternary rocks are comprised of layers 
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F.. 77 of andesitic or dacitic volcanics. The Tertiary Usa Group is composed mainly of altered andesite lava flows and pyroclastic rocks that have been propylitically altered. Even the deepest well in the area, TT-1 (-2300 m in eleva tion), does not reach the Pre-Tertiary basement rocks, which are present at Hatchobaru at an elevation of -600m (Fujino and Yamasaki, 1984) . The conceptual geologic structure of the Takigami area is shown in Fig. 4 . Two sets of fault/fracture systems were identified, mainly from studies of lineaments and subsurface stratigraphy. Those strikes are almost N-S and E-W in direction. The drill core and cuttings from the wells have been studied by X-ray diffraction analysis to clarify hydrothermal alteration minerals and the structure of alteration zoning (Yamamoto, 1988) .
Based on the classification of Utada (1980) , the hydrothermal alteration zones in the system are either acidic or intermediate. The distribu tion of the alteration zones is shown in Fig. 5 .
According to Yamamoto (1988) , the mineral assemblage of the acidic alteration zone consists of pyrophyllite, dickite, alunite and kaolinite. Acidic hot water reacts with rocks to form pyrophyllite and dickite at temperatures over 250°C (Hemley et al., 1980 (Figs. 3 and 5) . The zone has formed by the pre sent near neutral pH geothermal fluids, which are also precipitating vein minerals such as anhydrite, calcite, and zeolite group minerals. In particular, there is a large amount of laumontite and wairakite in and around productive frac tures of hot water entry to the wells (Hayashi et al., 1988) . Homogenization temperatures of fluid inclu sions are particularly useful to estimate the pre drilling subsurface temperatures at the points of hot water entry (Browne et al., 1976) . Taguchi   ( 1982) showed that inclusions have a wide range of the homogenization temperatures in the less active geothermal systems, with the minimum temperatures being quite close to present subsur face temperatures. Given that the Takigami geothermal system is not very active judging from measured maximum temperatures, the minimum homogenization temperatures of fluid inclusions are used to estimate pre-drilling sub surface temperatures (Fig. 6 ), here agreeing well with measured temperatures.
The thermal structure of the Takigami system is basically composed of three layers. The first layer is isothermal, in which cold meteoric water circulates. This is the reason why the tem perature is below 50°C and almost uniform. The layer corresponds geologically to fresh and un compacted Quaternary volcanics.
The second layer is impermeable and has a steep and constant thermal gradient (of about 20°C/ 100 m). The temperature profile in this layer indicates a conductive heat flow. The layer corresponds to the montmorillonite and mixed layer clay zones.
The third layer is characterized by high tem perature (160-240°C); it is semi-isothermal due to geothermal convection. The temperatures all From the view point of reservoir engineering, the Takigami geothermal system should better be described as having two parts; eastern and western. There are significant differences in terms of subsurface temperature distributions, depth of fractured reservoirs, values of the injec tion index (I.I.), which indicate permeability, etc. The boundary is probably the Noine fault zone.
The eastern part of the reservoir system is shallow in depth (-600 m to 0 m in elevation) and has well developed fractures showing high permeability (1.1.: 30-100 (T/ H)/ (kg/cm2)). The temperature ranges from 160°C to 210°C. On the other hand, the reservoir of the western part is deeper ( 1500 m to -600 m in elevation) with low permeability (I.I.: 1-15 (T/H) /(kg/cm2)) and higher temperatures (230°C to 260°C). The Takigami geothermal fluids are almost neutral pH and Na-Cl dominant (Fig. 7b , Table  1 ). The chloride concentration of the Takigami geothermal reservoir fluids ranges from approx imately 400 ppm to 600 ppm (Fig. 8 ). This con centration is small in comparison with that of Hatchobaru geothermal fluids (Shimada et al., 1985) . A comparatively low salinity of the geothermal fluids in the reservoir, and a small gas concentration in steam, characterize the Takigami geothermal fluids (Tables 1 and 2 ).
All samples of hot springs around the Takigami area are bicarbonate-rich. The low chloride concentrations of these springs (Table  1) indicates that they are simply heated im mature water, though a few of the hot spring well waters may have a very small component of chloride water contributing to the discharges (Fig. 7b) .
The relative anion compositions of the well discharges show a linear relation (Fig. 7b) ; the relative concentration of sulfate increases as the relative concentration of chloride decreases. The well discharges of high chloride and low sulfate have high enthalpies, with the wells located in the southwestern part of the system. On the other hand, discharges of low chloride and high sulfate have lower enthalpies, and the wells are located in the northeastern part of the system. The Takigami reservoir system varies systemati cally in composition and in temperature from southwest to northeast, judging from Quartz (TQA), chalcedony (TcH) and alkali (TNKC, TKMg) geothermometry are from Truesdell (1983) and Giggenbach (1988) , and anhydrite (Tcaso) from Marshall and Slusher (1968). boiling and conductive heat loss (Fournier, 1977) . Data from all wells are plotted on a chloride-en thalpy diagram, as shown in Fig. 8 , to determine the endmember fluids. Chloride concentrations and the enthalpies of the geothermal fluids in the reservoir are used. Chloride concentrations of the well discharges are adjusted to take into ac count the steam loss; enthalpies are either deriv ed from the directly measured temperatures of the well or calculated from the well discharges (Table 3 ). The composition of fluids discharged from the wells define a dilution trend from fluids of TT-14 and TT-13 toward an endmember of zero-chloride water at a temperature of about 100°C (Fig. 8a) .
The southwestern part of the reservoir, with fluids represented by TT-14 discharge, has the highest salinity (about 600 ppm Cl) and the highest temperature (about 250°C) in the Takigami geothermal system. The promising reservoir is located in the western downfaulted zone and is regarded as the parent reservoir in the geothermal system. Although no reservoirs geothermal system 275 having higher temperatures have been found, there could be parent fluids of slightly higher tem peratures because it is possible to have a parent fluid of chloride concentration of 700 ppm and no S04 (Figs. 8a and 8b) . This overall pattern suggests upflow of a rela tively hot, chloride-rich, sulfate-poor fluid in the southwest, which is progressively cooled by mix ing with a cool, high sulfate water as it flows northeast. Judging from the plot of chloride vs. sulfate (Fig. 8b) If concentration of chemical components of well discharges were defined only by simple two endmember mixing, the concentration of other reactive components (such as Na and K) as well as sulfate would plot on a mixing line similar to that in Fig. 8b . In the Takigami geothermal system, the fluid compositions deviate from these mixing lines; the deviation suggests that the fluid compositions are varied by reaction be tween water and rock after mixing. That the Na K-Ca geothermometer agrees with the measured reservoir temperatures and other chemical geothermometers indicates that chemical and thermal equilibrium is nearly reached in the reser voir fluids. It is considered that the curve (dotted line) in Fig. 7a also illustrates the dilution trend with chemical and thermal re-equilibrium. This makes it difficult to specify the composition of Table 4 .
the diluent or "formation water".
In the Takigami geothermal reservoir, an in crease in solubility of anhydrite, rather than the mixing of cooler, high-sulfate waters coming from the acidic alteration zone, is responsible for the increase in sulfate associated with the decrease in temperature. Anhydrite is found as a typical vein mineral at hot water entries of the wells. The anhydrite chemical geothermometer indicates temperatures similar to other geother mometers, and to the measured and enthalpy temperatures (Table 3) , indicating the geother mal fluids are saturated with anhydrite. This is consistent with an aqueous speciation calcula tion of the geothermal fluids (Chiba, 1991) , which indicates that the Takigami geothermal fluids are saturated with anhydrite and calcite.
The origin of the increase in sulfate is also de fined by the sulfur isotope data of dissolved sulfate (Table 4 ) and anhydrite .in the hot water entries. If dissolution of alunite in the acid altera tion zone, which could be another source of sulfate, influences sulfate concentration, the a34S value of dissolved sulfate should become lighter as sulfate concentration increases, because the acid alteration mineral zone in the system usu ally has light isotope values (834S: +4 +8%o). In Takigami, the fS34S values of sulfate are almost constant throughout the all well discharges (Table 4) . Moreover, the 8345 value of each well discharge is equal to that of anhydrite precipitated at the hot water entries of the well (834S: + 14 -+ 16%o). Therefore, the sulfate con centration of geothermal fluid depends mainly on the dissolution of anhydrite rather than other minerals. 
Isotopic compositions of fluid
Oxygen-18 and deuterium (D) contents are in dicators of the origin of fluid and of the degree of water-rock interaction at high temperatures (Craig, 1963) . Isotopic compositions of geother mal fluids, the hot spring waters and ground waters sampled in and around the Takigami area are listed in Table 4 . Tritium contents are also shown in the table.
The ground waters are close to the meteoric water line OD = 88'80 + 13.5 for this area; the Takigami meteoric water line (Fig. 9) . Most hot spring waters are also close to this line, in dicating that they are essentially deeply cir culated ground water, which is also the conclu sion from fluid chemistry.
Takigami geothermal fluids have an average OD value of about -60%o (range from approx imately 59 to -61%o), a little lighter than those of Takigami local precipitation circulating in the shallow part of the system. On the other hand, the tritium content in the shallow cir culating meteoric waters ranges from 5 T.U. to 20 T.U., while there is no detectable tritium in any geothermal fluids sampled from wells . Therefore, the mixing endmember is not shallow circulating water but water with a OD value of about -60%o, and a PO value o f about -9.1%o (Fig. 9 ).
The largest "oxygen shift" is obtained at TT 14, and data for the other wells fall between those of TT-14 and the endmember diluent, as shown in Fig. 9 . The stable isotope data support the result of the chloride-enthalpy diagram (Fig.  8a) , with the southwestern geothermal fluids diluted as they flow to the northeast; the diluent, which appears to be deep formation water, is distinct from the shallow meteoric ground water. In addition, the lack of tritium (T.U.: <0.4) in dicates that the Takigami geothermal fluids have a long residence time, possibly more than 50 years, at depth. Fig. 10 , since all analyses led to the same conclusion. Abe and Shigeno (1986) reported the em pirical lithium concentration geothermometer proposed by Fouillac and Michard (1981) cannot always be employed; the geothermometer is inac curate when the reservoir consists of marine sedimentary rocks. However, the lithium concen tration in the Takigami system depends mainly on temperature because the reservoir consists of volcanic and/or pyroclastic rocks which can easily release lithium to hot water.
Subsurface fluid flow
The iso-lithium contours show that the lithium concentration in the reservoir fluids decreases from the southwest to the north, in dicating that the temperature decreases in the same direction (Fig. 10a) . The lithium concentra tion could also depend on dilution, which in creases to the north, causing the concentration of chloride to decrease. The chloride-lithium ratio (Cl / Li), however, increases from southwest to north (Fig. 10b) , indicating that chemical and thermal equilibrium has been reached in each part of the reservoir. The subsur face fluids probably flow the same direction, southwest to north, moving in the reservoir slowly enough to reach chemical and thermal equilibrium with alteration minerals.
Isotope hydrology
In any extensive hydrological system such as a geothermal system, there will be recharge areas of meteoric water that penetrate to the geother mal reservoirs, acquiring heat and dissolved salts. Several studies have been carried out to locate recharge areas using stable isotopic com positions of meteoric and geothermal water (Gig genbach, 1978; Giggenbach et al., 1983) . Geothermal water and recharging meteoric water usually have little difference in aD values, since rock contains little exchangeable hydrogen to cause a D shift; therefore, this unchanged &D value of water allows an estimation of the recharge areas of a geothermal system.
Many factors, such as seasons, distance from the sea, latitude and altitude, affect isotopic com positions of meteoric water. The influence on isotopic compositions in Japan depends mainly on altitude, due to the narrow and steep topographic features. We located recharge areas of the Takigami geothermal system using isotopic data of local ground waters and their altitudes. Vogel and Vanurk (1975) showed that the isotopic compositions of ground water are con stant throughout the year and are the mean values of that of rain falling into the drainage basin. Sklash et al. (1976) reported that river water can be used as representative ground water for isotope hydrology. The samples used in this Careful sampling and analysis of the ground water in this study provides a precise relation be tween the isotopic compositions and altitudes.
The deuterium value of ground water in Table 3 (1) Takigami geothermal fluids derive from meteoric waters and their recharge area is located south of Takigami at altitudes over 880 m.
(2) The geothermal reservoir is divided into two parts, the deeper, higher temperature The variation of fluid compositions from SW to NE with decrease in temperature is discussed in the text.
southwest portion and the cooler, more shallow 'and fractured northeast portion .
(3) The southwestern reservoir fluids have high temperatures (about 250°C) and relatively high salinity (C1:600 ppm) and ascend laterally to the northeast.
(4) The northeastern fluids have moderate temperatures (range from 160°C to 210°C) and salinity (Cl: about 450 ppm). These fluids have been progressively diluted by a deep formation water; the latter is not directly related to surface groundwaters. The sulfate concentration is con trolled by solubility of anhydrite, which is a func tion of the fluid temperatures.
(5) Chemical and thermal equilibrium is almost reached in the reservoirs despite relatively low fluid temperatures.
(6) The subsurface geothermal fluids flow toward the north and northeast from the southwest, without any significant boiling; there is no evidence for deep mixing with the cold sur face groundwater.
(7) The montmorillonite zone formed by re cent hydrothermal alteration prevents the shallowly circulating ground water from penetrating deeper and functions as a "cap rock" to the geothermal reservoir underneath, thus keeping the ground water and geothermal fluids separate.
